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ABSTRACT 
The magnetic rotation spectrum of a molecule is a 
spectrum obtained in the following way. Collimated, white 
light is passed successively through a polarizing prism, an 
absorption cell mounted along the axis of an electromagnet, 
and another polarizing prism. The gas to be studied is 
placed in the absorption cell. When the prisms are crossed 
no light passes, but when a magnetic field is produced along 
the direction in which the light travels, the plane of polar-
ization may be rotated. light then comes through the second 
prism and is focused upon the slit of a spectrograph. The 
resulting spectrum is the magnetic rotation spectrum. This 
technique has been very useful in the study of diatomic 
molecules. One advantage over the use of absorption spectra 
is that the magnetic rotation spectrum is a bright line 
spectrum. A second advantage is that a useful simplification 
of the spectrum is obtained, since only those lines which 
have pronounced Zeeman effects will appear. The use of 
magnetic rotation spectra in the study of polyatomic molecules 
has not received very much attention, although some studies 
have been made. It was thought that a method which is so 
useful in the case of diatomic molecules deserves reexamin-
ation in the case of polyatomic molecules. There is a great 
deal of current interest in the NO 2  molecule; the visible 
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system has not previously been analyzed, and this system has 
an intense magnetic rotation spectrum throughout the visible 
region. It was thus thought to be a natural choice for 
study. The objectives of the investigation may then be given 
as follows: 
1. To determine the nature of the excited electronic 
state of NO2 in the visible system. 
2. To make vibrational assignments for the spectrum. 
3. To say as much as possible about the resolvable 
rotational structure of the spectrum. 
4. To make extensions of the theory of magnetic 
rotation to polyatomic molecules. 
5. To explore the possibilities of magnetic rotation 
as a "general method" for polyatomic molecules. 
Magnetic rotation spectra of NO2 were observed under 
various conditions of magnetic field strength, NO 2 pressure, 
pressure of NO2 plus argon, and at several temperatures. 
The magnet constructed for the investigation enabled field 
strengths up to 2000 gauss to be obtained. A Jarrell-Ash 
three-meter spectrograph was used which has a replica grating 
in a Wadsworth mounting. Ahrens prisms were used as the 
polarizing prisms. Absorption cells were made of pyrex 
tubing with pyrex windows, either waxed on with apiezon wax 
or fused directly onto the tubing. Windows for the cells had 
to be essentially free from strain and distortion. Samples 
of NO2 were made by heating Pb(NO3)2. 
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The overall intensity of the magnetic rotation spectrum 
was found to increase with an increase in field strength. Up 
to the highest fields used the variation was found to be 
essentially proportional to the square of the field strength. 
This fact, coupled with the fact that no magnetic rotation 
spectrum exists in the ultraviolet system of NO2 where the 
excited state is bent, and the results of recent magnetic 
resonance studies which show the electron spin to be decoupled 
in the ground state at a field of 3000 gauss, is shown to 
indicate a linear, 2Tr excited state for the visible system. 
The great complexity of the visible system is shown 
to be easily understood in terms of a linear excited state. 
As a result of the Franck-Condon principle long progressions 
in the degenerate bending vibration of the excited state 
should appear. This explains the extent of the spectrum. 
The degenerate bending vibration results in vibrational 
angular momentum,,Q 6, quantized about the figure axis along 
with the electronic angular momentum. An energy given by gt 2 
 must be added to the rotational energy. Defining an effective 
K 	+AZ, it is shown that the complexity of the spectrum 
can be explained by using symmetric top selection rules. 
Since the number of possible Lvalues in a band is restricted 
by t= 	"±(1/-2),. • • 410 , bands would be expected to 
decrease in complexity in the direction of higher wave-
lengths. This was found to be the case in the observed 
magnetic rotation spectrum. The abrupt breaking-off of band 
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structure observed in the spectrum, inexplicable in terms of 
convergence or of a decreasing Boltzmann factor in a non-
linear molecule, is easily explained in terms of the above 
interpretation. 
Assignments of V 1 ,1t, and K", and the spin splitting 
were made for the bands at 7410 A, 7090 A, and 6720 A. From 
these assignments values for g and (A"-B") were obtained. 
V' values for the 7410 A, 7090 A, and 6720 A bands were 
assigned as 6, 7, and 8 respectively. Considering the ground 
state as an accidental symmetric top, the transition was 
found to be perpendicular; that is, the electric vector 
vibrates in a plane perpendicular to the unique axis of the 
top. The value of g obtained is about 6.9 ± 0.1 cm-1 . The 
value of (A"-B") obtained is about 7.4 t 0.1 cm -1 1 which is 
in good agreement with the value 7.62 cm -1 found from infrared 
work. The spin splitting was found to depend upon 
decreasing from about 107 cm -1 for V2 = 6 to about 98 cm-1 
 for V2 = 8. This is interpreted as due to 4 losing some o  
its significance as the molecule vibrates with a greater 
amplitude, thus decreasing its interaction with the spin. 
Using the above assignments, band origins were estimated. 
From these band origins vibrational intervals were obtained. 
The 7090 A band showed some indications of Fermi resonance 
so the 7410 A and 6720 A bands were used to estimate the 
vibrational interval. The result is about 710 cm -1 for the 
bending frequency. This value for .0 indicates the origin 
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of the system to be at about 9220 cm-1 or 10800 A. 
The results of the above analysis were compared with 
theoretical calculations of the ordering and symmetries of 
electronic states in triatomic molecules. It was concluded 
that the transition is due to elevation of an electron from 
a non-bonding orbital localized on the nitrogen atom to an 
anti-bonding r orbital. It is interesting that correlation 
diagrams showing how occupancy of orbitals by electrons 
affects the bond angle are consistent with a large increase 
in bond angle for this transition and thus consistent with a 
linear excited state. The same transition has been concluded 
by others to be responsible for the corresponding system in 
the nitrite ion. 
A magnetic field effect was observed in which an 
increase in the number of features occurred with an increase 
in field strength. Also the intensities of some features 
were augmented with respect to others. No explanation of 
this effect is given. 
Studies of the effect of an increase in pressure on 
the spectrum showed that the violet end of the magnetic 
rotation spectrum cut off abruptly. At low pressure the cut- 
off position was found to be at 3981 t 3 A. Magnetic rotation 
spectra are easily destroyed by diffuseness in the band 
structure. The abrupt cut-off of the magnetic rotation 
spectrum is attributed to the onset of diffuseness due to the 
predissociation limit corresponding to dissociation of NO2 
xi 
into NO and O. An increase in pressure either of NO 2 alone 
or of NO 2 plus an added foreign gas was found to move the 
violet cut-off position in the direction of longer wave-
lengths. This phenomenon is ascribed to a pressure-induced 
predissociation, that is a selective pressure broadening. 
It is recommended that studies of the magnetic rotation 
spectrum of C10 2 be made. The magnetic rotation spectrum of 
C102 
has never been observed. If one exists, its variation 
with field would be of great interest in view of arguments 
presented in this thesis. It is also suggested that magnetic 
rotation spectra be investigated as a means for detecting 
diffuseness in spectra, predissociation limits in particular. 
CHAPTER I 
INTRODUCTIaT 
Although far from completed fields of in -Testi ;_aton, 
the spectra of atoms and diatomic molecules 	well 
understood. The probll of irterpreting the spectra of 
polyatomic molecules, however, presents a very formidable 
task, the execution of which is being pursued with great 
v'gor and interest both experimentally and theoretically. 
The electronic ground states of polyatomic molecules have 
been and are being studed by the methods of electron 
diffraction, infrared spectroscopy, and mfcrowave spectros-
copy, as well as by methods such as paramagnetic resona,ice 
and techniques depending upon nuclear properties. 	ro _ th:3, 
sources information is obtained about the rotational and 
vibrational levels, the electronic states, and the geometry 
of molecules in their electronic ground states. Calculatjon . 
 of thermodynamic -)roperties can be made using this 
information; also this jAformation aids in answering other 
questions of chemical signif -!.cance. 
In order to st- Lly exc ced galectronic states of 
molecules, one uses e.,ectror,_c spectroscopy ix. one of its 
forms. In the case of polya tomic molecill:=s the resulting 
spectra can be very . complicated, and Special techniques may 
often be required LA their allysjs, an :7-.y.amp ._e being the 
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of polarized radiation and oriented crystals (1). An under-
standing of excited states in general and characterization 
of these states in particular cases are desirable both 
intrinsically and for the light they shed on the mechanisms 
of reactions involving excited electronic states (2). 
Reactions of this nature are important in photochemistry, 
radiation chemistry, and the study of flames. The data may 
also be useful in calculating thermodynamic properties of 
substances at very high temperatures. The intrinsic value 
of an understanding of excited states lies in its test of 
the developing theories of molecular structure. 
The study of the magnetic rotation spectrum of a 
molecule to investigate its electronic spectrum has yielded 
good results in the case of diatomic molecules. The magnetic 
rotation spectrum is a spectrum obtained in the following 
manner. White light, collimated by an optical system, is 
passed successively through a polarizing prism, an absorption 
cell placed in an electromagnet, and another polarizing 
prism. The gas to be studied is placed in the absorption 
cell, and the polarizing prisms are crossed so that no light 
passes. When a magnetic field is produced along the direction 
in which the light travels, the plane of polarization is 
rotated, and light comes through the second polarizing prism. 
This effect is known as the Faraday effect. The light coming 
through is focused on the slit of a spectrograph. 
The spectrum is a bright line spectrum, and herein 
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lies one of its virtues w1-3n cc: pared 	absortion spectra. 
It is easier to detect what is on the film than to cLaLeut 
what is not on the f'im. The bright 1.113e character of the 
spectrum also allows the spectrum to be ninteted" over 
time on the film. I was this property of magnetic rotation 
-,pectra that enabled Tool..s and his students (3,4 1 5,6,7) to 
make accurate determinations of the heats of dissociation of 
alkali molecules, since it way possible to follow progressions 
to higher vibrational , , fates than can be olorved in absorp-
tion spectra. 
A second merit in the 1i of the magnetic rotation 
spectrum is the fact that it often leads to a simplification 
of the spectrum. This simplification is due to the restrc-
tion that only those lines which have a pronounced Zeeman 
effect will appear. Thus for diatomic molecules, for example, 
only tranitions involving low J values will appear. 
These properties of magnetic rotation spectra, the 
success of the method, and information obtained from studies 
of several interiaalogen c-o_gpounds by Cheng (8) using this 
method indicate tha its poo ,,,ible use in studying polyatomic 
molecules should be explored. A previous attempt in this 
direction was made by Kusch and Loomis (9) 7 bu'; rmch has been 
learned about polyatomic molecules; and magnetic rotation 
since their attempt. It is ':-.)lielred that a method as usefLi 
as this one has proved to be in the case of diatomic molecul e s 
deserves careful investigation in the case of polyatomic 
mcl-Paes. The visible system of NO 2 has never been analyzed, 
9.nd thurc is an intense magnetic rotation spectrum throughout 
the sys'.em. There is a great ck,al )f current interest in this 
molecule, and it is th-ls a natural choice for study. The 
objectives of this research may then be 2,iven as folio-,T,A 
1. To determine the nature of th excited ,;lectron c 
state of NO2 in the visible system. 
2. To make vibratioml assignments for 	spectre: : . 
3. To say as much as posible about the rotational 
structure of the spectrum that resolutinr wLl allow. 
4. To make extensions of tie theory of magryi,Lc 
rotation to polyatomic molecules. 
5. To explore the possibilities of magnetic rotation 
as a "general method" for polyatomic molecules. 
CTIPTER 
REVTEW OF LITD),TURE 
Magnetic Rotation Spectra 
The Faraday effect, the rotation of the plane of 
cola .ization of light in -.:1.ansparent, isotropic medi' by a 
magnetic field along the path 	the light, was dinovered by 
Michael Faraday (10) in 1845. This effect differs from the 
rotation of the plane of polerlzation by optically active 
substances in that whe:, the light is reflected back along its 
path, the rotation Is doubled rather than cancelled out. 
Following its dis:D TI 	extensive investigations of the 
effect were made by 7,e:!querel (11), Verdet (12, and others. 
It was found that th , angle of rotation, e, depend::, iqoon 
field strength, H I and path length,.(, through the medium in 
the following way: 
8 71 4AHA, 	 (1) 
where VA is a conotan c elled the Verdet constant. Verdet 
attempted to construct a cla3sical theory for the Faraday 
effect by relating CA to reftactive index and the wr:lw-longLh 
of the incident liht. 1 
101■1-.1•■ 
1 A more extensive treatment of :he his gory of the 
Faraday effect and the development of its clasical theori e s 
is given by ChenF J3). 
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Macaluso and Corbino (13) found that sodium vapor 
exhibited very large rotations in the immediate vicinity of 
the D lines. Rhi i ,I4,15) showed that in gaseous 1 2 , Br2 , 
and NO2 there is an unusually large Faraday effect in regions 
where the absorption spectra are most intense. The study of 
magnetic rotation spectra as distinct from the ordinary 
Faraday effect dates from these investigations. 
The discovery of the Zeeman effect and its theoretical 
interpretation enabled Larmor (16), Voigt (17), Zeeman (18), 
and others to give as accurate a theoretical approach to the 
theory of magnetic rotation near absorption lines as was 
possible using classic1 theory. 
It was R. T. „food (19) who initiated actual measure-
ments on magnetic rotation spectr-. in his studies on Na2 in 
sodium vapor which began in 1895 and continued until 1909. 
In 1928 Loomis; 	made the observation that the magnetic 
rotation lines in 	blue-green system of Na2 correspond to 
band heads in the absorption spectrum. He was able to follow 
the spectrum to vibrational Levels clo..e to the convergence 
limit. Loomis and his associates (+,5,6,7) then used thj•7, 
method in order to obtain precise values for the dissociation 
energies of other alkali metal molecules from their 1T  
systems. In the 1 E c---1 Esystem of Na2 no aL , gnatic rotation 
spectrum was expected because of the absence of a Zeeman 
effect for 1 E F1 Etransitions, but a magnetin rotation 
spectrum does 61, ,;:, . This difficulty was resolved by 
Fredrickson and Stannard (20), who showed 	a perturbation 
of a few Q2 the upper levels of '.:11e uppe:' state was 
responsible for the spectrum. 
In 1931 Wood and Dieke (21) studied the magnetic 
rotation spectrum of -.( 2 and reiorted the following: 
It was found that with NO, rremarkable simplification 
occurred. But in this case also the simplified magnetic 
rotation spectrum is very complicated and lc; have not 
yet succeeded in analyzing it, further experimental work 
under higher dispersion being required before an analysis 
can be attempted. 
With NO2  in a bulb of 3 cm in diameter at rather low 
pressures 2 (only slight trace of yellow by transmitted 
light), a ro .:ation spectrum appeared with a field 
strength about equal to that of an ordinar7 permanent 
magnet. As the field increased, some of these lines 
disappeared and new lines were developed. The disappear-
ance seems tp be a real phenomena and not due to a 90° 
rotation, as observations with the double quartz wedge 
of R- and L-quartz indicated that rotations involved were 
only of a few degrees. 
Wood and Dieke found that Na, behaved in a similar ,renner 
w:th a variatior it field. They attributed this ',:jat.l.on 
to the importance of low J values in ccntilbuting v the 
magnetic rotation at low fie_ds and to an is eased contri-
bution of higher J values as the field becomes stronger. 
In 1939 KusC, and LOCAS (9) investigated the magnetic 
rotation spectra of SC2 and J52 in order to see if a useful 
simplification of the very complicated structure ‘f the 
absorption spectra of polyatcmic molecules would result. 
CS2 has an absorption spectrum in the region between 3900 A 
and 2750 A. Kusch and Loomis found an intense magnetic 
rotation spectrum :4 the rei-;:spri 3355 - 3640 A, and a very 
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much weaker one in the region 3125 - 3250 A. They note that 
the magnetic rotation spectrum occurs In that region were 
the absorption bands are sharp and t.nat no m-:,netic rotation 
occurs in the short wave-:_ength rion 	tY_• bands are 
diffuse and irregular. Good correlation was found t tween 
magnetic rotation liaes and bpnd heads in the absorption 
sroctrum, and the authors attribute the spectrum to a 1 7*-1 E 
type transition. This assignment attributes both the ground 
and excited states to linear configurations with orbital 
angular momentum about the figure axis in the excited state, 
giving rise to a magnetic moment couplet; to the figure axis. 
SO2 has an intense absorption spectrum in the region between 
2600 A and 3900 , whic:i is about ten times as _ntense as the 
corresponding absorption system in CS2 . Kusch and Tnomis 
found a magnetic rotation spectrum in the region 4 	- 3164 
which is much less intense than that of CS 2 . 	his spec ':rum 
is apparently due to some kind of perturbation, and 
authors found their results confusing. HCHO was also inYs-
tigated. HCHO tv?4 an absorption spectrum in the region 
2750 - 3750 A. A megr:,4 ic rot a tion spectrum was found for 
the band at 3260 A on:y. No regularities were apparent. 
authors also assert that although acetaldehyde and qcrolein 
have well defined absorption .'.ectra in the near ultraviolet, 
neither of these , 	lolecules exhibits a magnetic rotation 
spectrum. They mention that .zone, which shows strong 




In discussing Wood and Diekeis 1 .;rk on 
NO2' the authors assert, "This spectrum way; readily obtained 
but consisted of an apparently hopeless confusion of structure 
which gave no useful simplifica_ion of the absorption 
spectrum." The paper is enderl': in a pessimistic note as far 
as the application of magnetic rotation to poly,tomic 
molecules is concerned. 
The moderr quantum mechanical theory of magnetic 
rotation spectra was first developed for atoms in 1929 by 
Rosenfeld (22). For molecule:1 the quantum mechanical theory 
was first attempted by Kronig (23) and later extended by 
Serber (24) and by („7,, rroll (25). A discussion of the theory 
will be presented later. It sthould be mentioned for complete-
ness that Carroll, too l expressed pessimism with respect to 
the value of magnet'.c rotation spectra - n studying polyatomic 
molecules. He concluded that in the polyatomi: case, pertur-
bations and other complexities of spectrum woutd appear rather 
than the simple fea:ures. 
Nitrogen Dioxide 
Ground State.--Nitrogen dioxide, NO2 , is a dark red gas which 
exists in equilibrium with its diner, N 204 . By mens of 
magnetic susceptibility measurements, Havens (26) has 
demonstrated that 7Yj 2  co-,tais one unpaired electron. There - 	" 
has been a great deal of controversy as to the geometry and 
2In private communication, Dr. ,,. H. Kerhardt 
attributed this fact to the diffuseness of the band structur , . 
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the vibrational and rotational cmstants of tt,, electronic 
g -7ound stte, but the results of the mos -c, recem-, electron 
diffraction work and studies of the infrared spectrum are not 
in good agreement. The electron diffraction stidies of 
Claesson, Donahue, and Shomaker (27) give )n internuclear 
distance of 1.20 ± 0.02 A and an angle of 132 ± 3°. The 
infrared studies of Moore (28) give for these same parameters 
the values 1.188 ± 0.004 A and 134° 4' t 15' respectively. 
Moore's paper also contains a good account of the vibrational 
and rotational constants. In his rotational analysis, Lore 
found that to a gooc approximation, NO 2 behave as a si,mmetric 
rotor, and he represents the rotational levels by the ftr:Aula, 
F(J,K) = BJ(J+1) + (A-B)K2 - DJJ
2 (J+1) 2 - DKK4 . 	(2) 
His rotational constants as well as vibrational. constants 
d 1̂fined by the equation, 
3 	 3 
G(vi ,v2 ,v3 ) = + 	 + ..)(17 3 + 1 ) 	(3 ) 
are given in Tables 1 and 2. It is encouraging that four 
absorption lines 7)rechlted by Moore's analysis have been found 
in the microwave srecru. by Bird (29). 
The microwave sectrum of NO 2 was first observed by 
McAfee (30,31). It is apparently not easy to interpret, 
particularly with respect to hyperfine structure. Its only 
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x 1 3 x22 X23 
x
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30 	-3 0.422 	0.002 	 1.0 t 0.2 
30 1 3 + o3  0.419 -L. 0.0(7 
 0.429 ± 0.002 
0 2 20 1 o n 0.422 ± 0.002 
7.62 ± 0.05 1.0 ± 0.2 5.8 ± 1. - 
7.92 ± 0.05 5.4 ± 
1.0 + 0.2 
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1361.4 ± 1.7 
770.2 ± 6.6 
1668.6 ± 1.7 
1322.5 ± 1.7 
750.9 ± 0.4 
1616.0 ± 0.2 
-7.1 ± 0.3 
-16.0 ± 3.3 
-33.4 t 0.1 
-8.1 ± 3.3 
-8.2 ± 3.3 
-15.9 ± 0.2 
Table 2. Rotational Constants for NO 2 
Level 
	
- B 	D (X10 5 ) 	D (X103 ) 
cm-1 	 cm-1 i cm-1 k cm- 1 
state 	00 a 2 : state with the odd electron localized on 
the nitrogen (32). 
Cast-le and Beringer (33) mad , a study Li' paramagnetic 
resonance in NO 2 . They found that the , lectron spin is 
essentially free in magnetic :'field of abut 3000 gauss. 
In other words, the interpret. the spectrum in Germs of a 
Paschen-Back effec -;. 
Ultraviolet Systems.--'wo reg_ons in the ultraviolet exhibit 
absorption systems. 'rice and Simpson (34) report a Rydberg 
series occurring between 1600 A and 1350 L. The other 
absorption system lies between 2600 A and 2000 A and has been 
studied extensively by Herrmann (35); lonescu (36); Harris, 
Pearse, Benedict, and King (37); and Harris and King (q8). 
Harris, Pearse, Benedict, and King attempted a vibrational 
analy -zis and obtained 523 cm -1 and 714 cm 1 for the vibra-
tione .1 intervals in the 'Ipper state. For intervals in the 
lower state, they obtained the values 749 -1 and 1319 cm-1 
which are in good agreement with values obtained later by 
Moore (28) in his infrared work. Harris and 	(38) 
attempted a rotational analysis of the band at 2491 A and 
')btained an ang:e of 154° fo? both the lower :Ind upper states 
and , L1 internucl?ay distance of 1.28 A and 1. 12-1 A respectively. 
It was found by Henri (39) that a pred_ssociation 
phenomenon exists in this ultraviolet system, the bands 
becoming diffuse and broad at 2459 A .1Ad remaining so up to 
2200 A. Henri asserts the pre dissociation to be d.Ji to 
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dissociation into NO in its ground _tate and an activated 
oxy7nn atom, probably in the re tastable 1 D ,state. Of veat 
inter,st to this investigation is the attempt of Herrmann (35) 
to use magnetic rotation to strAy this system. Fe was unable 
to find any trace of magnetic rotation. 
Visible System.--The absorption spectrum in the visible region 
starts at about 3 500 A and ha:, aeen followed up to 9000 A. 
No detailed analysis of this !;ystem has previously been giwa. 
Curry and Herzberg (40) sugge8t as a possible explanation fol.' 
the Treat complexity of this ,system that chiefly higher 
vibrational levels n the upper state are excited as a , sa t 
of the Franck-Condon princip1,2. Dorking upon this assumption 
they followed the spectrum to longer and longer wave-lengths. 
They found, "a rather simple series of bands s:arting at 
about 8900 A and el„7ending to shorter wave lengths." The 
dist(tnce between main bands was found to be 740 - 730 cm-1 1 
 which they asserted must be a vibrational frequency of the 
upper state. Dixon (41) has studied the absorption of NO
2 
in the visible re ion spectrcphotometrically. He concluded 
that the maxima are separated by 700 ± 100 cm -1 and attributes 
this to the excites state. Hall Nnd Blacet (42) have used an 
ingenious method for separating the absorption spectra of NO2 




does not contribute to the absorption spectrum above 
4000 A. 
Predissociation was also found in he Tii:Able systx._, 
57 Henri 3'"). The predissociation lim it essigned by 73nri 
s =, t 3/00 A, but Frank, Sponer, and Tel'er (43) assert that, 
at h.:.:her dispersion, the beginLing of Insharpness is at 
4000 A. This limit corresponds to dissociation of th <O
2 
into a normal NO molec ,,Le and a normal oxygen atom, bo,h in 
their ground states. Kondratiew and Polak (44) folll ,f:. eviden:e 
of pressure-induced predissociation, that is, a selective 
broadening of bands with an increase in pressur. '2ney found 
that Beer's law dies not hold for regions of predissociation, 
and deviations increase with _ncreasing pressure of the gas, 
o-i?inal or foretgn. 
Norrish (45) studied tie fluorescence of NO 2 . He 
that NO
2 
undergoes plotoclaem_cal dissociation 11:o NO and 0 2 
by light of 3650 A, but that light of 4300 A has no effect. 
This fact tends to support Henil's assertions with respec -. 
the predissociation limit. ';ore recent work on the fluores-
cence of NO 2 has been done by Neuberger and Duncan (46). 
Interesting results were obtained with respect to life-times, 
but nothing conclusive resulted. 
CHAPTER III 
THEORETIC.,L 
Plane polarized light travelling through an '.sot,rop , c 
medium may be considered as a superposition of two components 
which are circularly polarize in opposite directions. If 
these components are propagated at different veloci tiss, 
is, if they have different reactive indices in :4ven 
medium, the plane of polarization is rotated when the 1.1t 
travels through the medium. 1 This may be expressed mat-
ematically in the following way: 
e = Kruk (n_ - 	 (4) 
where e is the angle through which the plane of polarization 
is rotated; S., is the path length through the medium; u is the 
frequency in wave numbers of the incident radirtior; and n_ 
and n+ are respectivly the refractive indices of the left 
and the right-handed componeT,t3 of circularly polarized light. 
The theory of the Faraday effect is thL3 a description of } - 1 
1 If one of the components is absorbed more Clan the 
other, elliptically polarized light will result rather ti, 11 
plane polarized light. In tAis case complete extinction of 
the light can not 13 accomplished by means of a polarizing 
prism. When the prism is rotated, the intensity, however, 
will go through a minimum and a maximum. The angle of 
rotation is then sr . .id to be determined by the difference in 
angle between the plane of polarization of the entering light 
and the plane contL.in'ng the major axis of thy ell4T)se. 
1b 
the magnetic field interacts with the medium so as to make 
n_ and n+ different. Refractive index is related to other 
molecular properties though the Kramers disper.Aion formula, 
which ma7 be written as f.A.lows: 
9 fik  N e- 	E 	 e n= 1 	77 E-0 jk 1 2 
k
_u e P4), (5) 
wher N is the number of molecules per cubic centimeter; u. 
is the energy of an initial state for the electronic transi-
tion; u jk is the frequency of the transition from the state 
j to the state k; and f,, is the oscillator strength of the 
transition from j to k. fjk is related to the matrix elements 
of the dipole moment between the two states. 2' magnetic ield 
may, therefore, affect the refractive Index of a medium in 
three ways. These \.rays s.re: 
1. By changing v jk thr'cugh thk, Leeman (tff-ct. 
2. By changing f_ k through a perturbation of th^ 
matrix elements of the dipole moment. 
3. By changing the population in the various ground 
states of the transitions, t'- at is, through its effect on 
N. = exp(-20. 
Serber (21+ uses a peIturbtion method in approaching 
this problem. Assuming the magnetic field and the path of the 
light to be along the Z axis, Serber writes the expression for 
the rotation of the plane of polarization per centimeter, p 1 
*Serber labels this quantity 8. it is Mbeled cr) here 
in order to avoid confusion with a as uses, previously n try 
text. 
in the fol)cwing wr: 
-n p = CB E I T(n'n)D(nn i )P (rin il e14-7T) ,  nl n 






(nn')P (n'n5.1 = Px (nn')P (n'n) - P (nni)i- x (n'n), 
where Px (nn ) and Py (nn') are tie elements of the x and y 
components of the electric dipole moment in the presence of 
the field. 
1  T(n'n) Lu%u 2 (n 1 01 2  
where u(n'n) has tiv', same sig -lificance as o jk entioned above. 
Serber then expands the caantities Px , Py , u(n'n), Wn , and B. 
in power series of ';he following form (using P x as an example): 
0 	(1) P = P HPx x • • • • 
Assuming u-u(n'n) lrge compared to the Zeeman splitting 
considering terms linear in the magnetic field intensity, H, 
Serber obtains the following ezpression: 




+ EP (1) (nn' )P.(,),,(nin)] ) 
, 13 0 (nin)13( 1) (nin)TO(nIn) 2 [pI0c (nrif)Py° (n'n)J 




There are two types of experimmt that the theory must con-
sider. One is rotation studied in transparent regions of the 
spectrum, using high pressures and monochromatic radiation. 
other uses low gas pressures, continuous radiation, and 
is concerned with rotations in the immediate vicinity of 
absorption lines. It is this latter case that applies to 
magnetic rotation spctra. Therefore, for the case of 
magnetic rotation spectra the above equation for V reduces 
to: 
,x)(1-11/-)1)( 1 )W1111 	(nvlaIno )P (nIrri 1 •nm) / d 
= ' X 	 7 	 kT 7 
[u 2 	,.) 01. 1 1.02_12 
since this term become'3 very much larger than the others as 
approaches v(n'n). Thus the rotation depends only upon th 
Zeenm effect, the other factors ixaing negligible. By 
examining the dispersion curves for a normal Lorentz doublet, 
a good qualitative description of magnetic rottion rear 
absorption lines can be obtaiaed (25). Rotation takes pl^..ce 
symmetrically (in this case) about the no-field position, 
essentially on tae ,, uTlers" of the line. If the line is 
very diffuse, such as in the case of excessive pressure 
broadening, the intensity of light coming thro.mh tie system 
will approach zero, since rotated light will be unable to get 
out from under the line and will be absorbed. 
Since the magnetic rotation spectrum of a molecule 
depends upon its Zeeman effect, the case in which the Zeeman 
(8) 
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effect goes over into a PascheA-Back effect should be con-
sidered. If the molecule has yibital angular momentum and 
electron spin, these two anguu: momenta will be coupled to 
each other by their magnetic interaction. Depending upon the 
magnitude of the interactions and the manner in which all the 
angular momenta are combined, molecules fall 	a number of 
classifications called Hund's coupling cases. A discussion 
of these cases for diatomic molecules is given by Herzber 
(47). Magnetic moments due to electronic angular momenta are 
about two thousard times as great as magnetic moments due to 
rotation of the nuclear framework or nuclear spin. Thus, 
except where hyperfine structure can be studied, magnetic 
moments in molecules may be tributed to electronic angular 
momenta alone. For case (a) cxalpling in diatomic molecules 
and "weak" fields, the following expression is found for the 
Zeeman splittingt 
- 
A + 	A ÷ 1.1 
+ 1 .1, 
where A is the component of orbit0 angular momentum about 
the figure axis; E is the comp anent of electron spin :bout 
this axis; J(J + 1) is the square of the total angular 
momentum; and M is the component of total angular momentum 
along the field dt_rectio. 2 In case (b) coupling, the 
coupling between the spin a&. the orbital motion is much 
2These angular momenta are in units of 477 . 
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weaker, and the Zeeman splitting is given by: 
A 2 
= "  	cos(K,J) 21/7g17 7 cos(S,J)  "OH  
"(K4-1) IJ(.1-1-1) 
(10) 
where .ii  K-1-1) is the square of the total angular momentum apart 
from spin. If the magnetic field is sufficiently strong, the 
spin can be decoupled from the orbital angular momentum (or 
other angular momentum), and both will be quantized separately 
along the field direction. This is called the Paschen-Back 
effect. Molecules having case, (b) coupling are more easily 
decoupled by the field than those having case (a) coupling, 
and when the multi)let splittg is small compared to the 
Zeeman splitting, the latter is given by: 
A
2 
)711g = R(IT-0) 2MS140 . 
The selection rules that hold in this case are the following: 
LLLic = 0, ±1; 	= O. 
The electron spLI 1 -1 a 2 ;,state is coupled only to rots. ;ion 
of the nuclear framework and nuclear spin; 'hi l coullag is 
very weak. Thus for a 2E state no Zeeman splitting is 
expected, and no Zeeman effet has been observ ed. There 'ore, 
there is no magnetic rotation spectrum for 2E states except 
in cases of perturbations (20). Non-linear polyatomic 
molecules approximate case (b) coupling because there is no 
axis upon which orbi tal angular momentum can be quantized. 
They behave in a :nanner s -milar to 2E states (48). This 
fact will be of gTee: value in tnterpreting the magnetic 
rotation spectrum of NC 2 . 
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CHAPTER IV 
APPARATUS AND CALIBRATIO 
The source. of white liht for the optical system was 
100-watt content-ated arc, manufactured by the Sylvania 
company. This arc emits white light by icn bombardment of 
zirconium oxide in an atmosphere of argon and is powered by 
a D. C. power supply, ehich 13 essentially a r ectifier 
supplying a high vo_tage for,:starting the arc and a invr 
voltage (of abou7 15 volts) for maintaining the arc. The 
light source obtained in this gay has a diameter of 1.5 mm, 
which is sufficiently close to a point source for the needs 
of the experiment. The spectrum of the source is a continuum 
in the visible region with an intensity of about 400 watts 
per square cm at 6000 A. The intensity drops off in the 
direction of shorte• wave-lengths until at 4000 A it is about 
0.3 watts per squnr ,- cm. In the direction of higher wave-
lengths the intensity increases, but emission lines from the 
source, mostly argon lines with some zirconium lines, appear. 
Between 6000 A and NW A there are a few of these lines, and 
between 7000 A and 10000 A there are many lines. 
In order to obt ,3:.n parallel light, a convex achromatic 
lens was placed in the system at a position such that the 
light source was at the focal point. An aperture was piced 
next to the lens so that light wo- ild no through the center 
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of the first Ahrens prism, which was the next element in the 
optical system. Polarize light from the 	prism then 
passed through the cell contain2mg the sample. On the other 
side of the sample cell, another aperture was placed in order 
to select the light coming stra::.ght through the cell and so 
that the light would go only to the center of a second Ahrens 
prism. In magnetic rotation experiments the second Ahrens 
prism was set to extinguish tte light coming from the first 
prism when the magnetic field was off. 'aith the application 
of the field, rotated lig . .t came through and was alloyd to 
fall on another achromatic lens which focused it upon the 
slit of the spectrograph. A cylindrical lens was placed 
between the achromatic lens and the slit. The purpose of 
this cylindrical ler3 was to concentrate the light along the 
length of the slit. 
Absorption cel'.s were -lade of pyrex tubing with pyre:c 
windows. Earlier cells were made by sealing the windows on 
the tubing with apiezon W wax, but later they were fused on. 
The difficulty with fusing windows on the cell e!iplier was 
the fact that strain and distortion rotate the plane of 
polarization of the light and interfered with the experiment. 
This difficulty was later overcome. An attempt was made to 
minimize reflection from the walls of the tube for the same 
reason. Cells were of two types: long cells 56 cm) filled 
by means of a gas system through a side arm in one end of the 
tube, and short cells (20 or 16 cm. in length), which contained 
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samples sealed inside. The diameter of the tubing varied 
depending upon the nature of the experiment, but gener._11/' 
the widest possible tubing that would fit inside the marnet 
was used. For most experiments the long cells were 
The electron ,J;net was desigrci to give a maximum field 
of i . bout 2000 gauss and to hEve good heat transfer properties. 
It consists of six copper spools, each wrapped gith thirty 
pounds of B and S 14 gauge magnet wire. Each spool was mde 
of two copper discs 
	
inches in thickness and 10 inches in 
diameter. Holes were cut in these discs so th , t' - y ;0, 
just slip over a cop)er pipe with an outside diameter 
2.375 inches. The discs were soldered on the clipper pipe at 
a distance of 2
16 
 inches apart with ; inch of pipe extending 
beyond each disc. Magnet wire was wrapped on these spools 
manually. These sections were slipped over a condenser-type 
arrangement of metal tubes, consisting of a brass tube 25 1 
 inches long inside a copper tube 22 inches loag. The tub s 
were soldered together so that, there was space for water to 
circulate between them. An iil-t and an outlet for wqter 
were attached. The magnet was 3ool9.d by circulaing water 
through the centra1 part by means of the condenser rrangement 
and by blowing air over the outside of the sections. The 
magnet was made in sections to allow better circulation of Lr 
and to give a larger surface from which heat could escape. 
,„:onsiderations of the heat transfer properties of the a_gnet 
were of great iml , n..*tance because of the long exposure tliies 
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during which the field had to be maintained. During the 
course of the investigation the circuit for the magnet was 
changed several times. In every modification of the circuit, 
resistors in parallel were used to control the current 
through the sections. 2hese resistors were connected into 
the circuit by means of switcoes on a control panel. In the 
most recent modification of the circuit, all of the sections 
were wired in parallel through shorted plugs which allowed 
the number of sectieus used tc be varied. Calibrtion of 
field strengths was made ply measuring the rctation of tLc , 
 plane of polarization 	watei and using the known Verdet
constant for water. Fields 	Aigh as 2000 gauss and as low 
as 140 gauss could be obtPined. 
The spectrograph used was a three-meter replica grating 
instrument, manufactured by the Jarrell Ash Corpany (T. A. i3). 
It is a stigmatic irstnament, using a Wadsworth. mountin. 
The four-inch replica grating has 15,000 lines per inch, 
giving a linear dispersion of 10.9 i/mm in the first order. 
A mask was used on the grating. For spectra in the region of 
wave-lengths below 6300 A, Kodak 103-F film was used, and for 
regions of wave-lengtnn greater than 6800 A, Kodak HL-408 
film was used. In 1 ,oti". cases the films were developed foJ: 
three minutes in Koctak D-19 aeveloper. 103-F films were lef% 
in the stop solutions fo several minutes in .1‘cler to all:w 
the backing of the :"ilm to be removed lore easily. Films 
were left in the fixer for frm five to ten minutes, washed 
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for about one-half hoku l end hung to dry. Exposure times 
depended upon the slit wi_Lh, ue Meld strength used, the 
re4'n of the spectrum, and t-a rel!Ative intensity of the 
features of interest. They ranged from one-half hour to 
fort_ hours. Expo sure times using HIR film were ab -P4t 
times nf, long as dose using 103-F MA under corresponding 
conditions. More dill be sairJ,-.bout exposure times with 
respect to specific experiments. 
Calibration for the me .surement of wave-lengths was 
accompliz -ned by in;roduciag an iron arc into the optical 
system by means of =s mirror which could be inserted and re-
moved without disturbing the rest of the system. The iron 
electrodes for the arc were mounted on a CENCO arc support. 
.since the spectrograph allows a number of spectra to be taken 
on the same film (the number depending upon tl. sl heigL ; 
used), the iron arc sperum was easily placed on the film. 
In order to correct for possi ,)le lateral Ulsplvcements when 
the "plate position" was changed, a h:::]_ 	tube was 
introduced into the system py means of a mirror similar to 
that used for the iron arc. 1=, he.Olam spectrum was sup= '-
imposed on both the spectrum to be studied and the iron ',rc, 
using a slit height slightly longer than for the other spectra. 
The few helium 	that apez,red could be easily located 
because of their ;- reate.- length a:_a served to correct for 
lateral dis':lacements on the film and on the p; •;aotomF. ter 
traces. In the region above 6800 A, the use of the heliwk 
Geissler tube was not necessa2y, because ,..ission lirs from 
the light source a.ipoared on tb film in spite of the crossed 
polarizing prisms. These lines were used in the same way as 
the helium lines. 
Microphotometr traces of the films were made, ';,sing 
a recording microphotometer built here at Georgia Lech. The 
film carrier and optical assembly have been described by 
Wilson (49), and the other features have been described by 
Trawick (1). An intermediate scanning speed was used, such 
that a dispersion of approximately 20.5 A per i .ch wit: ob- 
tained for the tr-,ces. By superimposing the iron arc and he 
spectrum on the traces, the wave-lengths of features could be 
determined by measuring their distance from nearby iron lines. 
Additive corrections were determined using the helium or argon 
lines. An architect's scale with 48 divisions per inch was 
used in measuring distances. It was possibl;:, 	:-e .sure iron 
lines from other iron lines nearby to a few tenths of an 
Angstrom unit. The error increases with distance. The 
absolute measurement of the wave-lengths of features was 
probably not quite as precise because of the use of wider 
slits and the errors in correAions. Df_fferennes between 
features were probably more precise. Wave-lengths were con-
verted into frequencies in wave numbers using ::ayser's tables 
(50). 
NO2 was prepared by heating Pb(NO 3 ) 2 mixed with sand 
and condensing the as as N20+ in a dry ice-methanol bath. 
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The equation for the reaction is as follows: 
2Pb(NO3 ) 2 
= 4NO
2 
+ 2Pb0 + 0
2
. 
The sand was used 	react with the :1)0 to prevent it from 
attacking the glass of the containin tube. .Ls the Fb -JC ) 
% 3 2 
heated up, the system was pumped out to remove any moisture 
present. When a sufficient quantity of N 204 was obtained, a 
vacuum pump was allowed to pump on the sample in the gas 
system for the sample cell. The 04 obtained in tht.F,' manner 





). In this event the sample was discarded. 
diagram. of the gas system for the long sample cells is 
given in Figure 1. In the 	system apiezon stopcock greaf,e 
was used. The sysT;em could be pumped out to an extent 
reasured by a thermocouple vacuum gauge (30 microns). 
The pressure of NO2 in the sample cell was determined 
by fixing the temperature of a methanol bath in a Dewar flask 
and immersing the sample of W 204 . Using vapor pressure data, 
the NO2 pressure could be found. High pressures and total 
pressures including foreign gases such as argon, uhlch was 
added in some experiments, we -r:e mesured using a 71:iss spiral 
pressure gauge. Ilt.s prcssurr? gauge was made by constructing 
a spiral of thin-wa7ld glas. A R.trror consisting of a 
silvered cover glass was 0.ued to the end 6o that it would 
rotate when the presure charged. Since it was found that 
this device worked -Jes 7S a 	reading instrument, it ws 
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Figure 1. Gas System for Absorption Cell 
30 
placed inside a glaL-; envelope attached to a vacuum puLT, n 
mercury manometer, and a valve for allowing air to enter. 
Using a lens with a focal length of one Apeter and a light, a 
spot of light with dark cross could ;.e reflected from the 
Liirror onto a fixed scale. The pressure inside the glass 
envelope and the pressure inside the spiral, wt.:Leh was con-
nected to the gas system, had to be the same for the light 
spot to be in the null position. The pressure inside the 
system could be measured by adjusting the pressure in the 
glass envelope to the same value and reading the manometer. 
similarly the gas system could be filled to a desired pressure. 
The limit of sensitivity of thi.s manometer was approximately 
1 - 2 mm Hg. 
In a few experiments spectra were taken at different 
temperPtures. This was accomplished by using a condenser-type 
sample cell with cooled water (Arculatint through it 
allowing the inside of tne magnet to heat up by cutting off 
the regular cooling water. The temperature was determined by 
measuring the temperature of water leaving the condenser-type 
cell in the case of cool7Ing the cell and by measuring the 
temperature of water inside the condenser arrangement of the 
magnet in the case of heating the cell. In studies of absorp-
tion, electrical heating was used, and measurements of 
temperatures were made with a thermocouple and potentiometer. 
CHALIdi V 
DESCRLTI(N Jr ExPERMENTS 
Magnetic rot:Aion spectra of NO2 were studied under a 
variety of conditions. The conditions that could be varied 
in the course of the inv, :stigation were li0 2 pressure, total 
pressure of NO2  p lus a foreign gas, magnetic field intensity, 
sample temperature, slit width, and exposure time. 
Spectra were taken at a series of NO2 pressures using 
a wide slit (0.5 mm) and one hour exposure times in order to 
find the optimum pressure for the middle visible region. It 
was soon apparent that the cut-off point on the violet end of 
the spectrum was quite sensitive to NO 2 pressure. As the 
pressure increased, the intensity of the spectrum increased 
in the red regions, but the violet cut-off of the spectrum 
appeared at longer and longer wave-lengths. Experiments were 
then made at a constant NO
2 
part:1 -a pressure of about five 
millimeters and a number of total pressures of NO 2 and argon. 
ith an increase in to:al pressure, the violet cut-off moved 
toward longer wave-lengths without appreciably changing the 
intensity of the bands in the red region. Total pressures 
above 100 mr were found to decrease the intensity of the 
entire magnetic rotation spectrum because of pressure broad-
ening. At a to 	pressure of 210 ura only a few of the most 
intense featur, ppeared, Eud pressures higaer than this 
were four to deEtro -: he spectrum. 	search was m- de to 
find the limitin cut-off wave-lenzth or the violet end at 
low pressure. The Lpectrum was overexposed to insure that 
the end of the spectrum would be observed. The point at 
which the intensity of the light source dropped off consid-
erably was clearly visible on the film bevAise of the 
blackening due to background radiation. .:i;:oving in the violet 
direction, the end of the magnetic rotation spectrum was 
reached before this point. The violet cut-off poirr .T; for the 
spectrum was found to be at 3981 t 3 A. 
Prominent features were measured, using spectra made 
with a slit width of 0.5 nm, frog:. 6600 A to 4350 A l and their 
wave-lengths, frequencies, incl a rough estimate of their 
intensities were tabulated. Spectra with finer slits were 
also taken in this region. Very long exposures were needed 
for fine slits; for example, forty hours of exposure time 
were required with a 60 micron slit width. Also the reci-
procity law be gan to fail under these conditions. An 
experiment was ma&e to find the differences between a spectrum 
taken at 5°C and one t6'ken at 34°C. 
Studies with slit widths of 100 microns were made in 
the region of iv-len7,ths longer than 6600 A. It has be ea 
reported (100) that by increing the pressure of NO 2 , the 
absorption spectrum can be followed up to 9000 A. Therefore 
an attempt was nade to go as far as possible into the 
infrared. Bands were found and developed nicely up to 7475 
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Some indications 02 a band were found near 7900 I, but the 
features were not well developed, and there existed some 
ambiguity in that some of the features (if not all) may be 
due to emission lines from the source. A point of diminish- 
ing returns was reached, because further increases in pressure 
began to decrease the intensity through pressure broadening. 
Exposure times in this region were already very long because 
of the low sensitivity of the film. 
The variation of the ragnetic rotation spectrum with 
changes in magnetic field intensity was investigated. So 
that the spectra at different fields would be of comparable 
intensity, they were studied at equal values of tH 2 that is, 
of exposure time multiplied by the square of the field 
strength. The argument for using equal values of tH2 is that 
the intensity of light is proportional to the square of the 
electric vectorw if the plane of polarization is taken to be 
the plane in which the electric vector vibrates, the intensity 
of light coming through a polarizing prism depends upon the 
square of the cor,Donent of the electric vector allowed to 
pass. When the prisms in tie experiment are crossed, the 
component of the electric vector allowed to pass is zero; nut 
after the plane of polarization is rotated through an angl, 
8 1 a non-zero component comes through the polarizer. It may 
easily be shown that this component is proportional to sin 6. 
Therefore the intensity is proportional to sing 6 which for 
small rotations may be replaced by 62 . Since 9 is proportional 
to H, intensity is ipoportional to H 2 and the exposure to tH2 . 
An experiment was made in w!clich two spectra of the same sample 
were obtained, one at a field srength of 1300 gauss and an 
exposure time of 50 ninutes and the other at a field of 780 
gauss and an exposure time of two 7Zours and twenty minutes. 
The slit width in both cases was 0.5 mm. A visual examination 
of the overall intensities on the film justified the use of 
equal values of 9 using a 100 micron slit, spectra were 
taken at 420, 780, 1350, and 2000 gauss. Small cells that 
fitted entirely into two sections of the magnet were also 
used at a number of different field strengths in order to 
eliminate end effects at points where tae field falls off. 
In addition to magnetic rotation spectra, a number of 
absorption spectra of NO 2 were taken. The effect of varying 
the sample temperature was also studied in absorption. 
CHAPTER VI 
RESULTS AND DISCUSSION 
The absorption spectrums of NO 2 :.s extremely compli-
cated. The magnetic rotation spectrum is also complicated, 
but it does appear to offer some simplification when compared 
to the absorption spectrum. It is very bright and extends 
over a large region of the spectrum. Features are grouped 
into complexes or "oands" which seem to increase in complexity 
in the direction of shorter vale-lengths. The abrupt cut-off 
of the spectrum on the violet end aas already been described 
in Chapter V. Its limiting position at low pressure was found 
to be at a wave-length of 3981 t 3 A. 4000 A has been 
assigned as the predissociat.on limit corresponding to dis-
sociation of NO,, 12.to ,0 and 0, both in their ground states 
(43). Since predissociation nanifests itself by a diffuseness 
in the band structure, the abrupt cut-off of the magnetic 
rotation spectrum is easily understood in terms of the ease 
with which diffuseness destroys the spectrum. Similarly, the 
progressive shift in the cut-off position towards longer wavi ,)- 
lengths with an increase in pressure can be interpreted in 
terms of a pressure-induced p„-?edissociation, that is, a 
selective pressure broadening. 	effect of this nature has 
been noticed in this region by Kondratiew and Polak (44). 
The variation of the magnetic rotation spectrum with 
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a change in magnetic field strength must be discussed from 
two aspects. These are the varition of the overall intensity 
of the spectrum and the vriation of relative intensities of 
features, including their appeErance or disappearance. With 
respect to the overal] intensity of the spectrum, it has 
already been pointed our. th.?t he intensity is essentially 
proportional to the square of she field strength. This seems 
to be the case even at the highest field strength used, about 
2000 gauss. With respect to the second aspect of the 
variation, it has been found that an increase in the number 
of features developed occurs with an increase in field, or 
at least their intenFt -Aes relative to already developed 
features are greatly augmented. Relative intesities of other 
features may also vary somewhat. In Figures 2, 3, 4, and 5, 
Tc.icrophotometer traces of the band near 6720 A at fields of 
1120, 780, 1350, and 2000 gauss respectively are sher,r., 
illustrate these points. In Fl:ure 6 a photometer trace of 
the absorption spectrum of the same band is shown for com-
parison. It will be noticed that at higher fields the band 
resembles the absorption spectrum more closely than at low 
fields. Nevertheless, even at higher fields the magnetic 
rotation spectrum and the absorption spectrum are not super-
imposable. 
It has been shown in the section on theoretical 
considerations that if there is no quantized 3lecro :j 
angular momentum in a molecule other than electron spin, tL 
1.` 
L\J 
Figure 2. Microphotometer Trace of the Band 
Near 6720 A at 420 Gauss 
GI 
I 
Figure 3. Microphotometer Trace of the Band 
Near 6720 A at 780 Gauss 
*ri 
CO 0 rd 
t 
0 
Figure 4. Microphotometer Trace of the Band 
Near 6720 A at 1350 Gauss 
Figure 5. Microphotometer Trace of the Band 
Near 6720 A at 2000 Gauss 	 4- 
C 
Figure 6. Microphotometer Trace of Absorption Spectrum 
of Band Near 6720 A 
existence of a magnetic rotation spect rum depends upon tL, 
spin being coupled with the motion of the nuc1 ,3r framework. 
If the spin is uncoupled by the field, the spectrum shnuld 
disappear, with the possible exception of and in which 
perturbations are involved. Coupling of this type 	ld be 
expected to be w3ak, and relatively low fields would probably 
be sufficient to uncoup1 , 1 the spin. The electronJ_c ground 
state of ±.;02 is non-line.tr. Thus if the excited state of NO2 
which is responsile ior the visibJ syst.3m were non-linear, 
the -xistence of the magnetic rotation spectrum would depend 
upon the type of coup:ing mentioned above. The extent of the 
magnetic rotation spectrum as well as its intensity make it 
extremely unlikely that the spectrum is a result of pertur-
bations. Castle and _oringer (33), in a study of paramagnetic 
resonance in c;0 2, found that the electron spir, is essentially 
free in a mt, gnetac fi-id of about 3000 gauss. Of the residual 
couplings, they found that spin-spin coupling with the nitrogen 
nucleus seems stronger than any other. It is reasomble to 
assume that a non-linear excited state would also experience 
a Paschen-Back effect at this field strength. Therefore, if 
the magnetic rotation spectra:di in the visible system is d,;.e 
to a non-linear excited state, the spect:am should lose 
intensity as the field stzength is increased, because the 
spin will at least be i3 to uncouple, if indeed it does not 
uncouple completely. The observed behavior of the spectrum 
shows no intensity eff e ct oi this kind. In the ultraviolet 
1+3 
system of NO2 a rotational ant •tlysis has been made by Harris 
and King (38) wh:. ,3h indicates the excited state to be bent. 
Attempts by Herrmann (35) to find a magnetic rotation spectrum 
for this system were unsuccessful. Although the non-existence 
of a magnetic rotation, spectrum for the ultraviolet system 
might conceivably be due to diffuseness of the bands, Harris 
and King assert that the bands in the vicinity of 2500 A are 
very sharp. It seems likely that its non-existence in the 
ultraviolet sys .teY- is due to a Paschen-Back effect. These 
arguments thus indicate that tae excited state in the visible 
system must contain quantized electronic angular momentLA 
other than spin. For this to be the case, the excited state 
must be linear so as to offer an axis upon which the component 
of electronic orbital angular momentum can be quantized. The 
most likely state is a 2Trstate. 
An attempt was made ;o arrange feature into pro,;ross-
ions. This attmp was not successful in that there was 
little correlation between the shapes of features in the 
progressions. Also only a iew features in a band would belong 
to these progressions. It could not be concluded with any 
degree of confidence that features in a progression corre-
sponded to analogous positions on consecutive bands. Nev-
theless, intervals of approximately 650 cm -1 were found more 
frequently than other intervals. Although, because of the 
above mentioned difficulties, no real significance could be 
given to this interval, it is suggestive of bending 
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vibration -A freqLenc:i. Long progissfons" r . ,:cur in the 
spectrum. T:lis is consist ,mt .:ith the interretation of the 
excited state as lirear, because the Franck- ondon principle 
predicts long progres_;tons in the bending vibration of the 
upper state for a transition Ln which there is a 1 ,,rge change 
in angle. 
The complexity of the spectrum can also be explained 
in terms of a linear excited state. A linear Y-X-Y 'nolecule 
in which the deg enerate bending mode of vibration is excited 
possesses vibrational angular rAomentum, quantized along the 
figure axis. This vibrational angular momentum is ;riven by 
/ where I may take the following values: 771 
- 4.1r 	-2) -1- (IT —4) 	. . . {1 . ' " 0 (1 2 ) 
V 2 is the vibrational quantum number giving the numb9r of 
quanta of the degenerate bending vibration excited. In s/.1. -1 
a case an energy given by ge must be added to the rotational 
energy. In an electronic transition in which the angle is 
changed significantly, it is chiefly the bending mode of 
vibration that is excited. Aamsay (51) has been able to give 
an analysis of the very complicated absorption spectrum or 
the NH radical by macing usa of these facts. The spectrum 
of NH2 extending; f:om 4000 - F. 300 A was studied by amsay 
us:_ng a flash pAotolysis technique. Through a study of the 
isotope effect in 1 1 1.12 and N4 5H2 , he was abl. to assign the 
ground state to a Oent confiruration and the excited state to 
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a 2 IT state; he was 	to e.tplain 	spacin.: of the 
features in terms of g = 30 - 40 cm -1 . Vibrational assign-
ments were made, and a small :,pin vAitting was obs erved. 
Values for other parameters wire also deduced. Al:hough it 
is by no means Bs complicated 	spectrum as th:,,t of A.H 21 the 
spectrum of the free L60 radical has been inte .iprete,'. in a 
similar manner by Herzberg and Ramsay (52). FDr HOC a 2E "'2A" 
transition was assigned with progressions exhibiting only 
even values of V2 . The authors assert that only states with 
= 0 are important in the observed spectrui. :70 2 would be 
expected to be very sfmilar to NH2 , with different values for 
g and other parame ters, .owevar. 'tydrides general !y h-ve 
small spin splittings and the splitting in NO2 would be 
expected to be much higher than in NH2 , since in NO the split-
ting is about 121 cm- . Therefore, the complexity of t'-,e 
spectrum is easily accounted for. 
The ground state of NO 2 is not really P syretric top, 
since it does not have an axis of symmetry greater than a 
two-fold axis. Since two of the moments of inertia are much 
different from the third, NO 2 is however an "accidental" 
symmetric top. It is sufficiently close to being a symmetric 
top to account for the infrared spectrum (28) and the 
rotational structure of the ultraviolet system (38). The 
unique axis of the top 	a line in the plane of the molecule, 
perpendicular to the two-fold axis. Upon this axis the 
projection, Kam, of the tot?'. angular momentum, N4,77417?-4, 
is nearly quantized. The rotational energy levels depend 
upon the values of K and J in the following way: 
F"(J,K) = J(J+1 )B" 	Kfl2(Au_BH). 
If the excited state is also a symmetric top, the rotational 
structure of the spectrum is determined by certain selection 
rules: 
AJ = ±1,0, AK = ±1 or AK = O. 	 (13) 
Of the structures due to J and K, that due to K is more 
coarse and is probably the more important as far as structure 
resolved in this investigation is concerned. AK = ±1 holds 
when the electronic transition is such that the electric 
vector vibrates in a plane perpendicular to the unique axis 
of the top. AK = 0 holds when the transition is such that 
the electric vector vibrates in a plane parallel to the unique 
axis. It is possible in cases where the top is not really a 
symmetric top that both perpendicular and parallel transitions 
may occur. 
A linear molecule with electronic and vibrational 
angular momenta is a symmetric top, the unique axis being 
the figure axis of the molecule. We will define an effective 
K' =. 1\ +.1 and leave the spin to manifest itself as a 
splitting. The rotational energy levels of such a molecule 
may be written: 
FI(J I A,,R) = J(J+1)B' + (A'-iP)A2 + gA2 . 	(14 ) 
Since/ N is constant in the transition, the term containing 
A may be ignored in considering the spacings in 	band. If 
the excited state of „ 2 is indeed a 2 i7' stat, thenA = 1. * 
IL Tables 3 and the possible transitions to be expected in 
both the perpendLculdr and parallel cases are tabulated for 
a number of values of V. The position of t- swo-band is 
determined by I 	and PO . The r - ..,13er of sub-bands 	a 
band, ignoring the spin splitting for the moment, is equal 
to the number of distinct pairs of I K°i and 1-0 . l'hus, as 
tic vale of v2 goes down in a progression the nd s hould  
become simpler, because the possible number of-k values 
decreases. Of course the spit splitting will double every-
thing, but the tendncy toward simplicity should be marked. 
This is observed to be the case in the magnetic rotation 
spectrum. Moving toward lonE:e:: wave-lengths the bands becom ,,, 
simpler, and the simplest band observed is :he last one 
developed. The fact that only a rcaatively si1.11 number of 
sub-bands are to be expected, because of the restrictions on 
the number of -R values, explilins the somewhat abrupt breaking-
off of structure in the bands. Previous attempts to attribute 
the phenomenon to head formation for a non-linear excited 
state were unsucce s sful because the features convelged much 
too slowly. Similarly, on t.ie other side of the band, the 
*Strictly speaKing -1 should be considered as well as 
+1 7 but its consideration yields no results not already 
contained in the results found from the +1 vaLue. Thus in 
this discussion only -:he positive value is used. 
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Table 3. Qua-:_l In 	ber3 for Allowed Transitions 
JE n K , 
/!.1C 	= 
A" 




0 0 1 1 C 2 1 
1 1 1 2 1 3 2 
1 -1 1 0 -1 1 0 
2 1 3 2 4 3 
2 0 1 1 0 2 1 
2 -2 1 -1 -2 0 -1 
3 3 1 4 3 5 4 
3 1 1 2 1 3 2 
3 -1 1 0 -1 1 0 
3 -3 1 -2 -3 -1 -2 
4 1 5 4 6 5 
2 1 3 4 3 
4 0 1 1 0 2 1 
4 -2 1 -1 -2 0 -1 
tt -4 1 -3 -4 -2 -3 









3 ., 5 
3 
-4 
5 -1 1 0 - 1 1 
5 -3 1 -2 -3 -1 -2 
5 -5 1 -4 -5 -3 -4 
7 7 
6 4 1 5 4 6 5 
6 2 1 3 2 4 3 
6 0 1 1 0 2 1 
-2 1 -1 -2 0 -1 
6 -1+ 1 -3 -4 -2 -3 
6 -6 1 -5 -6 -4 -5 
7 7 1 8 7 9 8 
7 5 1 6 5 7 6 
7 3 1 4 3 5 4 
7 1 1 2 1 3 2 
7 -1 1 0 -1 1 0 
-3 1 -2 -3 -1 - 9 
7 -5 1 -4 -5 -3 -4 







6 1 7 6 8 7 
4 1 5 4 6 5 
K' 
AK = +1 
K" 
AK = -1 
K" 
AK = 0 
Ks, 
3 2 I+ 3 
i 0 2 1 
- 1 -2 0 -1 
-3 -I+ -2 -3 
-5 -6 -4 -5 
-7 -8 -6 -7 
10 9 11 10 









2 1 3 2 
0 -1 1 0 
-2 -3 -1 -2 
-4 -5 -3 -4- 
-6 -7 - 5 -6 


































Table 3. (Concluded) 
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Table 4. Numbef and Characterizations of Stab-bands for 
Vious Tilues of V!, 
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=: _ - 
No . of 
IA 	11(1 	Sub-bands 
0 
No. of 
Ve4 	Sub-band . V 
2 





1 2 iy 2 
1 3 0 
2 2 5 3 3 
o 0 1 
2 0 1 
0 2 
2 if 
3 3 3 5 3 4 4 
1 1 1 2 
3 1 1 
1 3 3 2 
3 5 
4 4 4 8 5 5 
2 2 2 3 
o 0 0 1 
2 0 2 1 




5 5 5 8 5 6 6 
3 3 3 if 
1 1 2 
3 1 1 0 
1 3 3 2 
3 5 5 if 
5 7 
5 3 
6 6 6 11 6 7 7 
4 if if r 





0 ,, 1 1 
if 2 if 3 
2 0 6 
0 2 
Table 4 . (Concluded) 
AK = 1:1 
	
L1K = 0  











7 7 7 11 7 8 8 
5 5 5 6 
3 3 3 4- 
1 1 1 2 
7 9 1 0 
5 7 3 2 
3 5 5 14- 




8 8 8 14 8 9 9 
6 6 6 7 
4 4 5 
2 2 2 3 
o 0 0 1 
8 10 2 1 
6 8 I+ 3 
4 6 6 5 






9 9 9 1 1+ 9 10 10 
7 7 7 8 
5 5 5 6 
3 3 3 
1 1 1 2 
9 11 1 
7 9 3 2 
5 7 5 11- 
3 5 7 6 






abrupt breaking-off of the band was too sharp to be attributed 
to a decreasing Boltzmann factor. These aspects of the band 
structure lend srolig supoort to thc; assumption of 
excited state. 
Since the bands on the 7ed end of the observed magnetic 
rotation spectrum are the simplest, these bands were selected 
for analysis. In order of decreasing wave-length these bands 
re labelled the 7410 A, the 7090 , and the 6720 A bands. 
The wave-length used as the labo' for a band represents a 
;we-length approximately in the middle of the group of 
l'atures. Bands increase in complexity rapidly in the 
direction of shorter wave-leihs. The precision of wave 
number differences between features also goes down with a 
decrease in wave-length. In tae analysis of these bands the 
assumption is made that the positions of features represent 
the positions of sub-bands due to the K structure of th e 
spectrum. An analysis saoull yield the value of g; the spin 
splitting; assip- nments of.e , K, and IT and a decision as to 
whether the trans 4 . tion is parallel, perpendlc ,_ar, or hybrid. 
necssary but no a sufficient condition fof a good analysis 
is that the ass -„ ►nmen's, must yield a value of (A"-B") which is 
close to the value optakled from infrared work, 7.62 cm -I. 
microphotometer trace of the 7410 A band is given in 
Figure 7. In Tab? 5 the wave-lengths and wave number values 
of the numbered f(-ttures are given. The feature marked A is 
an argon line at -i.;'14 A. Table 4• contains wave number 
2 02 4 6 0 
0 02 4 6 2 
CD 
JL 
2 20 4 6 0 













Figure 7. Microphotometer Trace and Assignments 
for the 7410 A Band 
Tble 5. Wave-:_englths and Frequencies of Features in 
the 7L1-10 A Band 












13 53 0 
4 7399 13c:12 




7 7438 13441 
8 7444 13430 
9 7447 13425 
10 7452 13416 
11 7456 13408 
12 7460 13401 
13 7464 13394 
14 747 5 13374 
Data taken from film no. 109. 
Slit width' 0.2 mm. 
Field strength: approximately 180G gauss. 
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differences betwe ,n tha features. The position of a sub-band 
relazive to the barn origin is determined by: 
_ K"2(A"-B"). 	 (15) 
Therefore the spaciqg is determined by tha values of g and 
(A"-B"). Plots wer: constructed which give the spacings of•
sub-bands for different values of g. In these plots values 
of g are plotted as ordinates, and the -, Ipscissa is 
- K" 2 (: , "-B"). For 'convenienc€ in construction, (A"-B") was 
equal to 10 units. To use these plots the positions of 
the features in wave numbers were marked on a -piece of paper, 
using the same scaly as the plots. The piece of paper was 
moved up and down until spacings on the paper coincided with 
spacings on the ploy. , 12.ch a coincidence corresponds to an 
assignment oft and K" values to features and fixes the value 
of g as well. Figures 8, 9, 10, and 11 are plots of the kind 
described above, renresenting both nerpendiculr and p .ra1131 
transitions and ri, ve-J. and odd values of V. Tha best fit for 
the 7410 A band was found to indicate a perpendicular transi-
tion with V' = 6. The assignment of features tot and K" 
values is shown in Figure 7. Each part of the spin multiplet 
is 7abelled by its value of-n--= 	E. A good fit could not 
be obtained for odd values of02  and a perpendicular transi- 
tion, nor could it oe obtained for even and odd values of 
in the case of a parallel transition. Using the assignment 
found in this way, the value of g obtained is 6.9 ± 0.1 cm-1, 
Figure 8. Spacing versus g for a -rpendica 






   
Figure 9. Spacing versus g for a Perpendicular 
Transition and V2 = 9 
Figure 10. Spacing versus g for a Parallel 











Figure 11. Spacing versus g for a Parallel 
Transition and VI2  = 9 
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and the value of (. 1 E") obtained is 7.4 ± 0.1 cm-1 . The 
value 7.4 cm-1 is in Nod agreement with the value found from 
infrared work, 7.62 cm-1 . The spin splitting .;'exulting from 
the assignment is anproximately 107 cm -1 . It will be shown 
later that the soJn splitting depends upon V. Features 
numbered 8 and 11 are unassigned. A critical examination of 
assignments will be riven later. Some of the less significant 
features and suggestions of features can ',)e interpreted as 
arising from parallel sub-bands. 
The 7090 n band will be discussed after the 6720 A 
band because of difficulty in the assignment. The 6720 A 
band is the band whose v ,-riation with magnetic field intensity 
has been shown in Figures 2, 3, 4, and 5. It will be noticed 
that the trace of the spectrum taken at the lowest field used 
shows the simplest structure. Thus, although the other bands 
were analyzed at moderately strong fields, an flalysis of the 
6720 A band was attempted at a low field. The method of 
analysis was the same as that used for the 7410 A band. 
Table 7 contains R list of the wave-lengths of frequencies 
of the numbered features, and Table 8 contains wave number 
differences for these features. The assignment of Q and K' 1 
 values is given it -Agure 12. From the assign ent 'iven in
the figure, the vale of was found to be 6.8 ± 0.1 cm-1 , 
and the value of (11'-13') was f: ,und to be 7.4 ± 0.1 cm -I . 
Both of these values are in good agreement wita those obtained 
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Figure 12. Microphotometer Trace and Assignments for the 6720 A Band 
splitting was obtained howeve r'. Its v- lue was round to be 
a.p 	98 cm-1 rather -han 107 cm-I. 	is not 
surprising since : as the molecule vibrates more and more 2 A 
loses some of its sigr-Lficanc.:. Me interaction between A 
and the spin would thus be expectel to decrease with an in-
crease in V2 /  hence the lower spin splitting. Features 2, 
6, and 13 are unassigned. Here again some of the minor 
features correspond to the c".culated positionL, of parallel 
sub-bands. 
The 7090 ! band was approached in the same manner as 
the 7410 A and 6/20 A )ands. The assignment for this band 
is not as satisfactory as those for the 7410 A and 6720 A 
bands. The best fit was found in the case of perpendicular 
transition. At first it seemed that V2 = 9 was indicated. 
An argument might oe made for attributing the 6720 A band to 
V2 = 10, but there would be difficulty in that the 7410 I, 
band could not be fitted into this scheme. Tkprefrr , =; 2 it 
assumed that the 7090 A band belongs to la = 7. Wave-lengths 
and frequencies and wave number differerces fo: the lumber,=d 
features are given in Tables 9 and 10 respectively. using 
the assignment shown in Figur:1 13, values for c= and (A"-B") 
were calculated. Only the va.lzes of g and (A"-B") obtained 
by using features 2, 3, and 10 were consistent with the 
values obtained from the 7410 A and 6720 A bands. The values 
found by using features 2, 3, and 10 were 7.0 cm -1 for g and 
7.6 cm-1 for (A"-B"). T , Lnes 	(A"-B") calculated using 
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Figure 13. Microphotometer Trace and Assignments for the 7090 A Band 
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other features ranged from 6.9 cm -1 to 9.0 cm 1 . There is 
something anomolous about the band also, in that mos•; 
1 features in the 	t of the spin doublet in which...IL= 7 are 
either completely 3ent or are of very low inensity. The 
number of major futures which are unassigned is also greatT. 
than in the other bands. If fa.tures 5 and 8 are correctly 
assigned, the spin slitting is about 99 cZ-1 . This value 
is consistent with tie trend noticed in the 741D and /2(2) 
bands. 
In order to find the vibrational interval. bet , en th .' 
bands, the position of the band origin was calc lated for 
one part of the spin doublet in each band. The spin splittir 
was then used to find the origin of the hypothe ical unsplit 
band. By taking differences b;tween the frequencies of these 
origins the following Ppprnxint.te intervals were ob+-,J3-,: 
The 7410 A, 7090 A band interval = ( , 53 cL -1 . 
The 7090 A, 6720 A band interval = 769 cm -I. 
One-half the 7410 A, 6720 A band interval = 711 cm -1 . 
The large difference between the 7410 A, 7090 7, band interval 
and the 7090 A, 6720 11 bnnd interval courled with the irreg-
ular behavior of the features of the 7090 band sug;t,st 
the 7090 A band is perturbed by Fermi resonance. if it is 
assumed that the 7410 A and 67'0 bands are unperturbed, the 
vibrational frequency . *or the bending mode would be expected 
to be in the neighborhood of 710 cm -1 . This value of q would 
indicate the arigin of the system t' be at about 9220 cm -1 or 
1 0P00 A. 
It is interesting to coupare the results given above 
with predictions derived from some theoretical calcutions. 
The symmetries and ordering of the electronic states of 
molecules live been discussed by Yiulliken (53), Walsh (54 ), 
and Trawick (1). Mulliken ant. ',:alsh both give correlation 
diagrams showing tje order of energy levels as function of 
bond angle. Walsh's correlation diagrm is sho ,,in in Figure 
14. The curves correlate states of a bent molecule with 
states of a liner molecule. The direction and steepness of 
descent of the curves gve a Deasure of how the occupancy of 
orbitals by electron affects the bond angle. 	, Ish poiLts 
out that the shapes of X132 , non-hydride molecul,, s in their 
ground states are easily explained using tae diagram. NO 2 
 has 17 valence electrons, the 17th electron goiag into the 
a's orbital. This would make the ground state a 2 state 
1 A 
with the odd electron in a non-bonding orbital localized on 
the nitrogen atom, which is the same result that is obtained 
experimentally from microwave studies (32). Chemical evidence 
for the localization of the odd electron on the nitrogen atc:n 
lies in the fact thW; 140
2 
behaves as a nitro group radical. 
The most likely excited states for the visible system (in C 
notation) are the A i and B1 states, obtained by :1;vating 
the electron in the a's state to the g." and b" states 
1 	 1 	1 
respectively. Both of these possible transitions would lead 
to an excited sta7:e in which tle bond angle is nuch larger 
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Figure 14. 4alsh's ar:elation Diagram 
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removed from the a',1 	vhich slopes strongly to the 
1 A 
left. The ground sA.te of NO in which there is no electron 
in this orbital has been reported to be linear (55). Thus 
both of these transtions could easily lead to a linear 
excited state. Zeor reasons already discussed, the excited 
state is assigned to a 2 ir state. An examination of the 
correlation diagram shows that a transition to the b" orbital 
would indeed lead to a IT state, whereas a transition to the 
T" state would lead to a E st3te. Since the Franck-Condon 
1 
principle requires that there be no change in nuclear con-
figuration at the instant of the transition, readjustment 
being made later, the perpendicular or parallel nature of 
the transition is determined by the C 
2V 
 excited state. In 
the case of the transition to the b" orbital, the C
2V 
 excited 1  
state would be a B
1 
state. This fact requires that the 
transition be perndicular. 1 Therefore the results obtained 
in this investigation are entirely consistent with the inter-
pretation that the spectrum i3 due to an a'
1sA 
 b1 b" transition. 
It is encouraging that Trawick deduced exactly the same 
transition for the corresponding system in the nitrite ion, 
as a result of studies of the polarized ultraviolet spectra 
of nitrite cryst.1 at low temperature. In Tv-wick's notation 
the transition is designated by nil-3i% 
For the sake of completeness some of the difficulties 
1 A more detailed discu:3sion of this point is found in 
the appendix. 
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in the analysis of the bands must be mentioned. In the bands 
analyzed there are some unassignec. bands. Even more of a 
problem is the existence of the magnetic .ield effect in 
which there is an a,Tearance of features with an increase in 
field. This effect has not been explained. 	must also be 
recalled that the assumption was made that all features 
represented sub-bam.s in the f structure. This assumption 
ignores the poss:1-Ality that separations between P and 
branches may possibly be large enough to lead to two features 
instead of one. In spite of ,these facts the analysis seems 
reasonable and consistent. 
CHAPTER VII 
CONCLUSIONS AND aECOMMENDATIO:8 
Conclusions.--The excited electronic state of the visible 
system of NO 2 is concluded to be linear in a 2 11 state. The 
transition is assigned to a 2 Tr 4,-- 2A 1 transition in which an 
electron is elevated from a non-bonding orbital localized on 
the nitrogen atom to an anti-bonding r orb -Aal. In the 
ground state the moleciLe is an accidental symmetric top, 
and in the excited state it i3 a true symmetric top. It was 
found that in the transition the electri3 vector vibrates in 
a plane perpendicular to the unique axis of the top. 
The complexity of the spectrum is ascribed to the 
existence of vibrational angular momentum, quantized about 
the figure axis of tne excited state in addition to electronic 
angular momentum. Tlis vibrational angular momentum, 1 h, 
27r 
is due to the degeneate bending vibration whic:a is excited 
in long progressions as a consecuence of the Franck-Condon 
principle. Spacing of features in the bands is determined 
by an effective K = A 4-..Je. and t 	select,on rule, LIK = 
Of course, A = 1 fcr a IF state. The position of a sub-band 
with respect to the zaro position is determined by a term of 
the form gk 2 . The rAmber of sub-bands is fixed by the value 
of V. Assignments were made for bands at 7+10 A, 7090 A, 
and 6720 ,I. Values for (A"-B"), g, and the spin splitting 
75 
were obtained. rese results .re tabulated in Table 11. 
Table 11. Par ,meters Reslin,: from Band Assignments 
Est. 
Band 	(A"-B") 	g Splitting Origin Inter al V' 
A cm-1 cm- 1 	(13-1 	cm-1 	cm-' 	2 
71+10 7.4 0.1 6.9 ± 0.1 107 ± 2 13477 
653 
7090 7.6 7.0 99 1 1+130 7 
769 
6720 7.4 ± 0.1 6.c t 0.1 98 t 1 14899 8 
It was found that -the spin splitting decreases with an in- 
crease in V' '  and this is attl'ibuted to 4 losing some of its 2 
significance as the molecule vilrates with greater amplitude. 
Band origins were estimated for the assigned bands, and vib:- 
tional intervals wer ,., ,:..lculated. Because of same indications 
of Fermi resonano: 	the 7090 A band, the 7410 A and 6720 L 
bands were used to optain an estimate of the bending vibra-
tional frequency. The estimatec value is about 710 cm 1 . 
This value of u2 indicates the origin of the system to be at 
bout 9220 cm-1 or 10800 A. 
The abrupt cut-off of the magnetic rotation spectrum 
on the violet end Er - , low pressure at 3981 t 3 A is attributed 
to the predissociPton limit corresponding to dissociation of 
NO2 into NO and 0, both in their ground states. Destruction 
of the m-agnetic rt3t r)*1 spectrum occurs because of the onset 
of diffuseness. 	an increase in pressure zf NO2 alone ,711. 
of :u
2 
plus a forei , 7n vs the cut-off moves toward longer 
wave-lengths. This pr,enomenon is .ttributed to 	selective 
pressure broadening or pressur e -induced predissociation. 
Recommendations.--Very few polyatomic molecules have been 
studied by means of their magnetic rotation spectra. In 
particular it is recommended that C10 2 be studied. Apparent?y 
no one has made an attempt to observe its magnetic rotation 
spectrum. It is of particular interest in that it is, like 
NO2' an odd molecule. Also its absorption spectrum hns been 
studied extensively, and Goon (56,57) has been able to mace 
both vibrational and rota -Aonal analyses. The ground and 
excited states are both bent. 	would be very interesting 
to see if a magnetic rotation spectrum exi3ts, 'Ind if it does 
exist, to see how it varies with changes in fie.A. slbength. 
An additional facxr in C102 is the increase in spin-orbit 
interaction as a resvit of the heavy chlorine atom. lolecules 
whose magnetic rotation spect.ci have previously been studied, 
such as CS2, might well be rcstulied at various field 
strengths with profit. 
Predissociatioa limits ire valuable in determining the 
dissociation energies of molecules. However, it is not always 
easy 7:o find the onset of diffuseness in absorption spectra. 
This is particularly true if larg,a dispersion is not available. 
Herzberg and Lundie (58) have suggested that at low dispersion, 
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diffuseness may manifst itself by apparent anomolously large 
intensities and may thus be icintified. Magnetic rotation 
spectra are easily destroyed by diffuseness. it is therefore 
recommended that the use of nagnetic rotation spectra for the 
detection of diffuseness and thus of predissociation limits 
be investigated. 
APPENDIX I 
ZEEMAN EFFECT IN A LINEAR TRIATOMIC MOLECULE WITH 
VIBRATIONAL ANGULAR MOMENTUM AND THE INTENSITY 
diSTRIBUTION IN THE MAGNETIC ROTATION SPECTRUM 
Let us assume a linear triatomic molecule with /I and 
E defined. In addiAon let us assume that quantized on the 
figure axis along withA and there is angul6v momentum l Je l 
due to the degene/s.te bending mode of vibration. The magnetic 
moment along the figure axis 	thn. given by the vector model 
of linear molecules as 
}Elf  = (A+2E),f) 
	 (16) 
whereA 0 is the Bohr magneton tA
n 
is the nuclear magneton, 
and gn is a nuclear magnetic-nr2ic ratio of the order of unity 
and determined by th electron distribution in the molecule. 
However, since/Li n is smar compared toA4 0 , the term in .e may 
be neglected, and tho expressiori fcrA f reduces to 
= VI-2LO 0 . 	 (17) 
The component of the total angular momentum about the figure 
axis is equal to A + E +1. Therefore the component of 
magnetic moment along tae totE_1 angular momentula vector is 
given by 
A J. =/iircos(A 	 (1.4.1+4)  /7 (18) 
The component ofA along the field direction is then given by 
tArcos(H,J) =.91./ 	M  H JiJ(J+1) 
Therefore it follows that 




Displacement from the no-field position is given by}I HH. 
with the exception of the -Qin the numerator the above ,-:.,:- 
pression for)L1 1, -Ls - deatical with the corresponding express i on 
for case a coupling in a diatomic molecule. The intensity 
distribution in thy. J structure of the magnetic rotation 
spectrum should thus be very similar to that of a diatomic 
molecule in case r; coupling. This intensity distribution is 
given by Cheng (8), who shows that strong P and R branches 
and very weak Q br .nches are to be expected. Nevertheless 
the Zeeman splitting Prd thus the intensity of lines go down 
rapidly with incrsing J. Therefore only low 7 values 
contribute significantly to the intensity, and P and R 
branches may not 'lie resolved. This argument provides the 
justification for assuming that features represent whole sub-
bands in the K structure in this investigation and that the 
feature is centered around a f-equency corresponding to the 
origin, i.e., very low vaues os: J. 
APPENDIX II 
POLARIZATION OF TRANSITION MODI2NT 
Tnble 12 shows the character table for the point group 
which is the point ,:Troup for the bent NO 2 molecule. "he 
symbols T and it refer to translations and rotations; for 
example, the symbol Tz refers to translation aLor., the z-P.xis. 
These symbols are included in the charter taLle to Show ti-.a 
symmetry species to 147flich the various translAtions And rota-
tions belong. In Table 13 direct products for the poit 
groupC2V are shown. Sponer and Teller (59) state: 
A combination between two states is allowed if their 
direct product contains a term which transforms like on 
of the translations Tx , Tv , or Tz . The direction of 
this translation determints the direction of the dipole 
moment connected with the transition (transition moment). 
In W7A1sh's treatment tl.e z-axis is the figure axis 
(C2 ) of the NO 2  molecule. The 	is parallel to the 
unique axis of the aADroxklate, prolate symr,c, trr,c top. The 
7round state of NO2 is an 1 ,stte. Thus trnsitions to 
states are forbidden and those to 	and B2 states are 
allowed with polarizations indicated by the directions of 
the translations given in the character ;able. Therefore, 
transitions to Al and B 1 states have their electric vectors 
vibrating perpendicular to the '.pique axis of the top and 
transitions to B
2 
 states 	to tho unique axis. 
Table 12. Character Table for the Point Group C2v 
I 	C2 (z) (xz) 	Q—V(Yz) 
  
+1 	+1 	 +1 	 +1 	Tz 
+1 	+1 	 -1 	 -1 	Rz 
+1 	-1 	 +1 	 -1 	Tx, Ry 
+1 	-1 	 -1 	 +1 	Tye  R z 
The attachment of x- and y-axes to the molecule is 
opposite to that of Herzberg, and the definitions of B l and 
B2 are thus interchanged. 
Table 13. Direct Products for the Point Group C2v 
A l 	 B1 	B2 
	

























OTHER POSSIBLE ,S8IGNMENI'S FOR THE 	 SiTiC i 
In the texl; 	c,DrrelLtion diagram was used tc 
interpret the assignment of the excited state of the visible 
system as a linear 2 Tr state resulting from a rJerpendicular 
transition in terms of the transition of an electron from a 
non-bonding orbittl localized on the nitrogen atom to n 
anti-bonding r orbital. The ifect upon bond cngle and 
correlation with a linear 1T- 3tate as well as the perpendic-
ular character of tLe transition were considerttions in this 
interpretation. Intuitively 	was also pleasing from the 
energetic standpoint. Trawick (1) has made calculations of 
the relative energies of the possible electronic states from 
considerations of :)vFrtap. He attempted to refine Giese 
calculations using the valence state ionization potentials 
for oxygen and nitrogen. -1 result of his calculations is 
the conclusion that a number :f the non-bonding oxygen 
orbitals are very close to the non-bonding nitrogen orbital. 
Table 14 shows the possibilities for transitions from which 
a choice must be made, according to Trawick. Trawick's 
notation is used. S_nce he uses a different choice of x and 
and y axes, his definitions of 	and B2 are opposite to 
th use of Walsh. loiz'1!;ht notation for B 1 and B2 will be ;Lven 
1 
11 
*12 (B2 le) 





* 12 (B 
2l
e) 
* 12 (B 
2
,Tr*) 
* (B ,e) 
12 2 
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in parentheses in the direct product column. 
Table 14. Possibilities for Transitions 
Direct Product 
Initial Orbital Final Orbital 	of States 	Polarization 
Of these transitions only four are allowed and perpendicular. 
The 
*11 ( ''-2 77r) —**(B1 
171 ',transition is probably of much higher ,t 
energy than the othe - s. The problem is then to choose bet -geen 
tansitions from aon-bond:ng oxygen orbitals and the non-
bonding nitrogen orix.t-1. Trawick does this by considert;c: 
the spectra of relatA molecules. In this investigation the 
sufficiency of the a: -signed trnsition to account for the 
magnetic rotation spectrum is coupled with the change in bond 
angle predicted by Wel's dia;:am in arriving F.t a conclusion. 
lthough it is not, neces.3ary consf.iquence, it is highly 
suggestive and coirulttes well with the work of others. 
APPENDIX IV 
SAMPLE CALCULATION OF g AND (A"-B") 
Consider the following features from the 7410 A band 
and their assignments of (..el and 10 : 
Feature 	Lid 	IK"I 
6 2 0 
10 4 4 
12 6 6 
13 0 2 
Since the position of a feature relative to the zero position 
is given by 
a2 	1012(An..B11) , 
the wave number interval between features 6 and 10 is given 
by 
(4-16)g - (0-16)(A"-B"), 
which leads to the equation 
16(A"-B") - 12g = 37 cm-1 . 
The interval 37 cm-1 was obtained from the spectrum (see 
Table 6). Similarly using features 12 and 13, the following 
equation is obtained: 
-32 (A"-B") 	36g = 7. 
8 5 
Solving these two equations simultaneously yields the values 
(A"-B") = 7.4, g = 6.8. 
In this way the values of g and (A"-B") were obtained, which 
when averaged resulted in the values given in Chapter VI and 
Table 11. 
APPENDIX V 
THERMODYNAMIC CALCULATIONS AND 
THE PREDISSOCIATION LIMIT 
4000 A has been assigned as the predissociation limit 
corresponding to the dissociation of NO2 into NO and 0, both 
in their ground states (43). In Chapter VI the abrupt cut-
off of the magnetic rotation spectrum on the violet end at 
low pressure has been interpreted as due to the onset of 
diffuseness at this limit. It is interesting to compare the 
energy corresponding to the cut-off point with the results 
of thermodynamic calculations. From National Bureau of 
Standard tables the values of AH° at 0°K for NO
2
(g), NO(g), 
and 0(g)(42 ) were found to be 8.682, 21.477, and 58.586 kcal 
per mole respectively. Using these values the AH (°) for the 
reaction 
NO2 (g) = NO(g) + 0(g) 
was calculated to be 71.381 kcal per mole. Table 15 compares 
this result with the limit found in this investigation. 
There is a difference of 141 cm-1 between these two 
values. It should be mentioned that there is a possibility 
that the predissociation may result in a 2 tr4 NO state, since 
this state is 121.1 cm-1 higher than the 2T ground state. 
It may also be possible that a 3 P1 or 3 P2 oxygen may result. 
87 
These states are 158 cm-1 and 227 cm-1 above the ground 3 P0  
state. 
Table 15. Comparison of Cut-off and Thermodynamic Values 
Thermodynamic 	 Cut-off 
Units 	 Value 	 Value 
Wave-length 4003 A 3981 A 
Frequency 24971 cm 1 25112 cm-1 
Kcal/mole 71.381 71.772 
APPENDIX VI 
TABLES 
Table 16. Wave-lengths, Frequencies, and Estimated 


















6478 95 15433 
6475 85 1 5439 





6434 78 1 5538 
6426 88 15559 
6418 60 15578 
6412 60 15592 
6405 60 1 5608 
6398 70 15625 
6391 43 15652 
6389 45 15647 
6378 22 15674 
6376 20 15679 
6368 15 15700 
63 63 20 15713 
63 55 5 1 5731 
6342 30 15765 
6336 30 15779 
6334 32 15784 
63 22 25 1 5814 
6320 26 1 5820 
6317 24 1 5826 
6305 5 1 5856 
6289 10 15896 
6274 10 15934 
6265 20 1 59 58 
6260 20 15970 
6255 30 1 5981 
*The data in Tables 16 and 17 were obtained using a 
slit-width of 0.5 mm and a field strength of approximately 
1350 gauss. 
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62 53 35 15988 
6244 30 16010 
6240 30 16021 
6236 30 16032 
6226 40 16057 
6215 35 16086 
6207 80 16106 
6197 48 16132 
6173 80 16195 
6167 90 16211 
6156 55 16240 
6142 45 16278 
6138 55 16288 
6125 110 16321 
6116 110 16346 
6102 15 16383 
6086 10 16427 
6083 10 1643 5 
6079 20 16447 
6073 10 16462 
6070 10 16470 
6068 10 1647 5 
6056 20 16509 
6053 20 16516 
6018 88 16611 
6012 88 16628 
6007 88 16644 
5998 88 16667 
5996 89 16673 
5990 87 16689 
5984 59 16707 
5981 5o 16716 
5969 50 16749 
5961 55 16770 
5945 60 16817 
593 5 100 16846 
593 0 110 16859 
5920 105 16886 
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5876 1701 5 
5869 75 1703 5 
5864 7o 17050 
5861 75 17057 
5852 90 17083 
5849 85 17093 
5845 8o 171 03 
5837 3o 17128 
5834 20 17137 
5829 10 171 51 
5816 10 171 g0 
5802 40 17232 
5796 55 17248 
5792 55 17262 
5789 55 17270 
5785 52 17282 
5781 38 17293 
5777 40 1 7305 
5754 40 17376 
5748 47 17393 
573 6 52 17430 
573 0 7o 17448 
5720 70 17477 
5715 70 17495 
5708 60 17 514 
5704 56 17527 
5698 65 17545 
5683 56 17591 
5679 60 17603 
5674 65 17618 
5667 16 17641 
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Scale 	 Fre quecy 
A 
	
0-150 cm-  
5659 52 17667 
5654 7o 17681 
561+2 70 17720 
563 6 68 17737 
563o 52 177 57 
5625 56 17774 
561 5 30 17804 
5607 16 17831 
5604 4o 1783 9 
5599 1+0 17855 
5591+ 10 17871 
5587 3o 17893 
5582 40 17909 
5576 3o 17928 
5564 3 5 17969 
5551 2 5 18011 
551+5 3o 18028 
553 8 56 18051 
553 0 70 18079 
5522 47 18105 
551 1+ 3o 18130 
5501+ 3o 18163 
51+9 5 56 181 93 
5489 58 18214 
5476 50 18258 
5'471 56 1827 5 
5460 60 18311 
5147 40 183 53 
5434 40 183 9 8 
 5)+28 39 1 8417
5421 50 18443 
5417 5o 184 57 
5414 40 18467 
5392 5o 18 542 
5385 56 18566 
5382 55 18574 
53 66 30 18630 
5362 40 18645 
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Ilble 17. Wave-lengths and Frequencies of Outstanding 



























































































Figure 15. MICROPHOTOMETER TRACE OF THE MAGNETIC 
ROTATION SPECTRUM OF NO2 FROM 6760 A TO 5200 A 
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